INTRODUCTION

Background
A number of models have been proposed, to explain the human motor control system. It is thought that, human movements exhibit robust similarity over trials, because the human motor control system plans and produces the trajectory of a movement, according to some universal principles and criteria.
Movement smoothness has been proposed, as one of the criteria respected by the human motor control system. A minimum jerk model has been proposed that quantifies smoothness, as the function of the jerk (the third derivative of position), which can reproduce the characteristics of human movements (Flash & Hogan, 1985) . A minimum torque change (MTC) model has been also proposed under the assumption that, humans produce smooth movements of which derivative of the joint torques are optimized, as the quantification of smoothness (Uno et al., 1989 ). The MTC model takes into account, not only the kinematics, but also the kinetic information on human biomechanics; therefore, it can reproduce the characteristics of human movements better than the minimum jerk model, for many movement situations.
Impact Factor (JCC): 4.9876 NAAS Rating: 3.80 movements, by performing human subjects and computed trajectories based on the MTC and power law models were compared to elliptic movements, to determine the appropriate criteria used by the human motor control system.
METHODS
2.1Minimum Torque Change Model
The minimum torque change (MTC) model quantifies the smoothness of movements, as the function of the derivative of the joint torques. The model serves a trajectory of which the value of the criteria function is minimized, under the given boundary conditions. The criteria function is expressed as Equation (1):
Where the beginning and the end of a movement are assumed to be at = 0 and , respectively. denotes the torque exerted by the -th joint, relating to the movement.
For a reaching movement between the beginning and end points, a trajectory based on the MTC model can be computed, by giving the two points as the boundary conditions. For a curved trajectory like an elliptical movement, some via-points are aligned to compute a curved trajectory based on the MTC model. In this study, three via-points were aligned at the edges of the ellipse, where the value of the trajectory curvature was extremal.
Power Law Model
For repetitive elliptic movements, the relation between velocity and curvature of a movement trajectory are approximately expressed as Equation (2):
Where and , denote linear regression coefficients. is a negative number of natural human movements: the deceleration at tight curves and acceleration, at gradual curves for human movements. The value of is between−0.4 to −0.25. In particular, is nearly − $ , for fast and smooth repetitive elliptic movements, produced by human subjects.
In Cartesian coordinates, the velocity and curvature of a trajectory are expressed as Equation (3), according to their definitions:
When a path of a trajectory is expressed by using an intervening variable+ , and an elliptic curve is specified as the path of the trajectory, where , = a cos + , / = b sin + , the relationship between velocity and curvature is expressed as Equation (4), by modifying Equation (3):
When + is constant at the trajectory, Equation (4) is equivalent to Equation (2) , where the value of the parameter rigidly equals to −1/3. For elliptic movements, the power law model setting = −1/3, means the constancy of + along an elliptic curve. It can be confirmed by using a variational method that, the trajectory with the parameter is set to−1/3, is very similar to the computed trajectory, based on the model to optimize the criteria function of movement smoothness (e.g. other than smoothness for the human motor control system.
Measurement Experiment
Six healthy right-handed persons participated in this experiment. The subjects were asked to trace an elliptic curve printed on a paper on a desk with their right hand. They showed ellipse was a horizontal ellipse: the length of its major axis was 15 cm, the length of its minor axis was 4 cm and its center was aligned at the medial line of the subjects. The subjects had a wooden stick, attached to a position sensor (LIBERTY, Polhemus). The subjects' hand positions, during movements were measured at 144 Hz.
Three levels of velocities were imposed on the subjects. They were instructed as follows: "move as precisely as possible" (slow condition), "move like in daily life" (medium condition), and "move as fast as possible" (fast condition).
The subjects performed 30 periods of repetitive elliptic movements for each condition.
Signal-Dependent Noise
Harris & Wolpert (1998) reported that, the human motor control system produces a movement such that, the variability of movement endpoints decreases under the assumption of signal-dependent noise (SDN), adding to motor commands during movement execution, whose amplitude increases with the amplitude of a source signal. Researcher van Beers et al. (2004) reported that, the variability of reaching movements between two points, performed with human subjects can be reproduced by hypothesizing SDN; trajectories produced with large torques involve large variability at the movement endpoint.
The SDN 9 SDN adding to motor commands: is defined by Equation (5):
Where, ; =, 9 denotes a Gaussian distribution, and < SDN denotes the parameter to modulate the magnitude of the SDN. The motor commands : are defined by Equation (6):
Where, > and ? denote time constants of 30 and 40 ms, and denotes the joint torque of a corresponding joint (van Beers, 2004).
RESULTS
In the analysis, the relationship between the velocity and curvature of the trajectories was assessed according to Equation (2) . A parameter for linear regression and a correlation coefficient, @, were calculated for each trajectory.
Measurement Data
The , @, and mean velocity of the measured trajectories in three conditions of velocities (slow, medium, and fast) are illustrated in Figure 1 .
The ANOVA on the , @, and mean velocity involving the Velocity Condition (slow, medium, and fast), as a factor The results of the ANOVA, for the trajectory data of actual human movements suggest that, the value of parameter approaches −1/3 in the fast condition, and the correlation coefficient,|@|, approaches to 1 in the fast condition, namely, the fit of the power law is improved by the increase in movement velocity.
Trajectories Based on the MTC Model
Trajectories of elliptic movements, based on the MTC model were computed at different velocities to investigate the capability of the MTC model, to imitate actual human movements in the parameters and @ of the power law relation.
In this simulation, the dynamic parameters of a human arm (mass, inertia, length, and center of mass of an upper arm and a forearm) were defined, according to van 
Influence of SDN on Trajectories based on the MTC and Power Law Models
In Section 3.1, the decrease of the correlation coefficient, |@| of the power law for slow movements performed with human subjects was shown. In this experiment, the computer simulation using SDN was examined to determine the reason for the phenomenon. were examined, because it is difficult to estimate the correct value of the joint viscosity and it can be modified, during the execution of a movement to effectively accomplish a task (Gomi, 1998) . Two hundred trajectories were computed by adding SDN to the trajectories, based on the MTC and power law models for each condition, and the parameter and @ of the trajectories deformed by adding SDN were analyzed.
Only the results for < SDN set to 0.5 are illustrated in this paper, because of space limitations. The and @ of trajectories, based on the power law model deformed by adding SDN are illustrated in Figure 3 
DISCUSSIONS
The purpose of this study is to compare the two models of human motor control system. One was based on the model optimizing the criteria function of movement smoothness, and the other with respect to the kinematic relation between velocity and curvature of a movement trajectory. The two models were compared in the imitation capability of actual human movement characteristics. The parameters of the power law, that expresses the relation between velocity and curvature of a movement trajectory were assessed, to simplify the analysis.
The correlation coefficient, |@| of the power law approached 1 with the movement velocity for measuring actual movements. In contrast, for the computed pure trajectories based on the MTC model, the |@| decreased with the movement velocity, when the value of the joint viscosity set the adequate value, proposed in previous research (Nakano et al., 1999;  van Beers et al., 2004). In the simulations using SDN, to determine the reasons for the characteristics of actual movements, computed trajectories, based on the MTC and power law models were deformed by adding SDN. For both models, the |@| varied with the magnitude of noise, joint viscosities and movement velocities. When the value of the joint viscosity was set adequately, the power law model could reproduce the characteristics of actual movements, such that |@| Consistently increased by movement velocity. On the other hand, for the MTC model, the influence of movement velocity on |@| became like actual movements, only when too high joint viscosity was set. The results was that, the fit of the power law relation was better for the deformed trajectories based on the power law model, than for the MTC model may be sound obvious; however, what was emphasized by this study is the relationship between |@| And the movement velocity, shown in the measurements and simulation, examining the power law model experiments. The simulations using SDN involved arm dynamics, since the results were not just derived from kinematic relation and were also not trivial.
The power law relation between the velocity and curvature of a trajectory, for elliptic movements means the Impact Factor (JCC): 4.9876 NAAS Rating: 3.80
constancy of the derivative of a time parameter, that expresses the path of a movement. If the human motor control system prefers the constancy of some parameters, for example the+ Dealt with in this study, relevant to the production of a movement in motor planning to the optimization of criterion functions, that is often hard to achieve, it allows us to conjecture the easiness of computation (Karniel, 2013; Dounskaia, 2016) , as the criterion that the human motor control system respects in motor planning. It has to be made clear, how such mathematical parameters that are assumed to be constant, during a movement are interpreted in the biological system.
